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ABSTRACT

This paper describes the energy storage and transfer syetem
for the canpression coils of a linear theta-pinch hybrid reactor
(LTPHR). High efficiency and low coet are the principal raquire-
mcnts for the energy storage and transfer of 25 M3/m or 25 ~ for
a l..kmLTPHR. The circuit efficiency must be -90%, and the cost “
for the circuit 5-6 6/J. Scaling laws and simple relationships
between circuit efficiency and cost-per-unit energy as a function
of the half cycle time are presentad.

An important consideration concerns the pulse repetition zate
of 2.25 pulses per second, 70 x 106 shots/yr, or 1.7 x 109 shots
over the 25-yr plant life. Current interruption to initiate en-
ergy tranefer is not feasible at this rate. We consider, there-
fore, a simple ringing circuit with contractorsto make and break
at the periodically occurring mro-current instances.

1. INTRODUCTION

Next generation laxqe fusion devices are of such a elze that new technologies are needed.

tc meet the requirements for the delivery of pulsd energy: The olmic heating coil of the

‘rokamk experimental power reactor (EPR) requires transfer of a few a within 0.5 to 2 s at a

.

I
“i

repetition rate of

(RTPRI requiree 60

~ linear theta-pinch

one shot every few minutes. The toroidal reference theta-pinch reactor

U delivered in 30 ms at a repetition rate of 1 ehot wery 10 e. A l-km

hybrid reactor (LTPHR) requires the delivery of 25.- in 2 to 3 ms at a
I
I repetition rate corresponding to 0.4 s per shot. Gas laser flash lamp supplies require de-

i livery of 10 BU in 0.2 to 1 ma at a repetition rate of 1 to 10 puheds--ll~=

A design etudy of the homo~lar energy storage and transfar ey=tem (HETS) for the RTPR

was completed by a group from the University of Texas ak Au~%in~ Westinghouse ELectric Corp.P

and Zos Alamos under the auspices of the Electric Power Research Inetit.v?s. The cons+tu~l
rll

deslyn of a 1.3-&J homopolm’ NETS evolved frodn this ‘I”-.:.“ “ The Jhdgn of ● scaltxYIO-MY

homopolar machine is presently being uti~xk-!f’” -s t~t ?w.w. Cmmtmotlon of +“ 1“-?!5 .

chino at Westinqhollsewith d~ll~”~:, by mid-1979 and a test facility at

polar m,arhlnesand related switchgear are planned.

The design st!ldyfor the LTPHR
[21 reported in this paper is baaed

U= Alamo for homo-

on the experience

of e 150-kJ, 1.2-ms



ABSTRACT

This paper describes the energy storage and transfer system
for the canpression coils of a linear theta-pinch hybrid reactor
(LTPHR). High efficiency and low cost are the principal require-
ments for the energy storage and transfer of 25 HJ/m or 25 W for
a l-la LTPHR. The circuit efficiency mat be -90S, and the cost

for the circuit.5-6 ~/J. Scaling laws and simple relationships
between circuit efficiency and cost-per-unit enmgy as a function
of the half cycle time are presented.

An important consideration concerns the pulse repetition rate
of 2.25 Pulseg per secoti, 70 x 106 shots/yr, or 1.7 x 109 slmts
over the 25-yr plant life. Current interruption to initiate an-
ergy transfer is not feasible at this rate. We consider, there-
fore, a simple ringing circuit with contractorsto make and break
at the periodically occurring zero-current instances.

,

. INTRODUCTION

Next generation large fusion devices are of such a size.

0 meet the requirements for the delivery of pulsd energy:

that new tmhnologies are needed

Tb olmic heating coil of the

okanmk experimental pcwer reactor (EPR) requires transfer of a few GJ within 0.S to 2 s ●t ●

●pet.itionrate of one shot every few minutes. The toroidal refarsnco theta-pinch reactor

RTPR) requiree 60 GJ delivered in 30 ms at a repetition rate of 1 shot wary 10 a. A l-km

inear theta-pinch hybrid reactor (LTPHR) requires the delivery of 25.C3 in 2 to 3 ma flta

●petition rate corresponding to CI.4s per shot. Gss laser flash lamp supplies mquirm da-

ivery of 10 ~ in 0.2 tO 1 ms at a repetitiOII rate Of 1 tO 10 @SSS/~JIEd.

A deeign etudy of the honmpolar ene!gy etorage and transfer aystom (~) for the RTPR

MS completed by a group from the University of Texas ak Au~tin~ Westinghouse Eleobric Corp.c

nd -LosAlamos under the auspices of the Electric Power Research Inatitvte. ~1- Concwptbfil
rl1

emign of a 1.3-H homopolar WETS evolved from this -“-.;.“ “ Th? &Si~ of a scaled 1O-.W
mnopolar machine is presently being undrx:~.%::-z that group. Construction of H- *n.::; .

hine at Westinghouse with de~l~’::iby mid-1979 and a teat facilityat -m filamm for lmnm-

slar mxhines and related switchgear are planned.

The design study ~or the LTPHR
[21 reported in this paper ie baaed on the experience

dried frm t% RTPR iiesignsixav 3+ f~tm ,h~ o..siqm ,Il,d construction of a 150-M. 1.2-ms

lscharge machine at the University of Texas at Austin.

Considerations of fundamental Importance are concerned with ●vlurance KequncMllLW, 4.-

d.t eEEicieccy, and cost. The 1.3-M H~S~ for examPlet ~s Men design~ ‘=: ‘u x 106

~0t9 ow a 2Wear elarl~ lifel 95% circuit efficiency per cycIe, ad 1 $/J. The latter was

Mad on the premiee of an existing mass production experience. The LTPHR s} ‘em deocrm}b~_.--~
........ . .. . .,---- ... . . ... .. ......... ....-...,--.. ..

.2
“.\ .
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in thi’i~lper requires 1.7 x 109 shot~ ot”~,r i 2>-year plant lif*O --998 circuit efficiency

~r cycle, •n~l5.6 C/J. For the ~“ “-~r, a hundred production Un~.t8 d the ~lar mwhim

●rc assumad.

WQ consid,::d simple ringing circuit with ~ntactors te Mko ●nd ticak ●t tho peridi-

call: wwrrlnq zmro-current instances. Evan this

dewlqment effort for an inexpensive ●nd reliable

nual plant maintenance.

Wo consider capacltorm and hompohr machineti

tioning basically as capacitors. Tk ulvantaq8 of

simph operatkn will require considcrablo

contactor that may be rmplacsd during ●n-

as ●nergy stGraq* ●lants with hth fuuc-

the hmopolar machina in th:s ●pplication

h its rehtivoly low comt, wheruas ttit @f capacitor= is httu ●fflci9=Y.

The drum-type ~~lar machine is best for ●nduranc. amsidarations ●nd it was ther@-

fore chosen for the WETS ●nd its 10-I4J scalo reel. Thesm machinas U8@ u~,s to su~rt tho

drum from inner oil jomnal bearings. The spokes requiro considorablt -tarial develo~ant

whose results will not bs ●vailablo for the scale -G1 mschlno. Th9 latter im dmuigned,

thoreforc, with diskw instead of spokes. TIW disks unfortunately prevent convenimt brush

●ccess.

For the LT?HR system with it8 extr-ly 8evare ●I’bdUWIC@ rmk~fttt the spokos two

been eliminated in favor of outer bearings. The bsneflt or brush ●ccosa ha. tlws baan r.al-

ized. Can is raquird as the bearing lubricant becausa of tha conflictiw requirsmants of

low loss on one hand ●nd tho larqe diameter of the outor hari~ hOUSiW ac~ating the

drum rotor on the other.

Th. swore endurance requirement remit from the 1.7 x 109 shots w~r the 25-yaar plant

lifo and the fast ●cceleration which the spokes of tha 2-3 mS di=~rqm Mchlno *uld be ex-

~sed to, as comparod to those of the 30-ms HETS machine.

II. Efficiency MD COST REQUIREklSkTS

The total plant cost is not to exceed 1000 $/kHo. If 90S of this cost is needed for

plant compncnts other than thm compression coil capacitor Mnk, than ths cm~citor Mnk

should not exceed a cost limit per unit stord ●nergy of 5.3 @/J.

These nufi.hers may sorva ●s guidelines, InItnea! eximtad for ●n ●fficioncy-vs-uoat

tiomship useful for optimizing the overall LTPHR system. Such ● roZationship is given

this paper.

For the given pulse rate, WtYIconsider only the simplamt type circuit requiring no

r9la-

in

cur-

rent interruption which is shown in Fig. 1. With capacitors, we ●smume ● circuit efficiency

of 94% and 14 6/J. Overall ny~tem analymin im required to detmrminm whether ~~lar ma-

chines or capacitors best sorva the raqulreinentuof the LTPHR.

III. HWOPOLAR MACHINE OPEMTING PRINCIPLE

Operation of the homcplar machines ~s based on the induction principle. The eqllivalent

capacitance of the machine 1s given by

Cq. (1)

where O is tha mm(!nt.of incrtja of the rotor. u tho anqular frequency, and v~ thn no-load

I



‘6 - 110 r,, ● 170 u-18 ~,ml~~ ~6-~~3 ~-~28 r7U~36

The variable in the scaling probloa for systum optimization Js tha iinoar

operating on ●ll linaar dimensions.

wo donoto tha rofcrance dimensions by th- ●ubncript O ●nd dcfino O = flus

Sralinq factor

●teactivo ●t

olloctor radius, B - maximum flux density in the coil. flyquatinq ●xClt.atbn ampara-turns

ith flux 0 ●nd with maximum flux dansity 8 by way of the acalhq factor A, ●ti ra\atia9 Clux

●nsity 5 to currefi: dmsity J for a NbTi cotiucter
131 uAth copper ●rna to Supamonductor

r-a r~cio 2.9, th- following rulationchips ●rm abtainad.

#horc= ● 4.4T ak shoan in Ref 2.

For ● qivan scalinq factor A, the flux dansitj B ia thus uniquely detomlned by the

First part of Eq. (2), aml ~ by the smond prt.

For a given scaling factor A, Lhs 51UX linkad W * rotor with colhctor ●rfaco radium
2.33

‘8
varies liko C ● r

B
●n shown in Ref. 2.

Tho voltaqo maxhum obtained whan the machine Operatas ●s ● CafMCltOr ~l~ival.mnt in %n

L-C ●norqy tranmfer circuit with mqular rotor frewmy L ●ti w~t~l n romr~ conmsted ?.n

eq. (3)

wmrc $0 w 36.3 %.

The circuit equat~one are given in Ref. 2. The voltage drop per brush is ●smnned to be

-.0 v. Tan parcant was added to the compression COil i~uctancc and reois%ancm to account
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T!Ic:cilcl~ilt? fi5i Cr.uy is gii”cn b,- t~,c vultaqc rei ~rs~~ Zatc squ~r~. The coasting

10:.::“9 -lI-d~..iJb.h:lll.Fl c= uh.* Qi.fiuio1,.*-, th-~- ..-wu; UP mf hru..lo rr~ctlor, )..+-. ueclrmq

1099, rcfriqerlltlon 10%s, itr.d charqiny loss to yield the total 10SS wz Pulse cycla.

The 10SZ equiicionu and tk alcctrjral and IIk?:hdaical design ~IMtiOnS have been devel-

q ,~~,urc~hcm.]arc.disc U9sC, i.Oped 1:: u: . . Some of t?w discussions are Crucial for the concep-

tual d.?skynof iifast+ ischar~a m4chinC~ with 10U lCISS and hiqh endurance. These tOpiCS a~e

conccrnti with

- tha strcu~cs in a dr- rotor reinforced with a compoalte wrap;

the loMsew in qas bearinqs SE the hydrostatic mnd hydrodynamic types;

- tht brush ac?uatinq mchanl.~m and frictian 10GS.
\

CaB baarh’wjsof the propoha type require development because no expcrien=a axists pres-

●ntly with hydrudynamlc qas karinqs operatinq in the turbulent flow regime (for sufficient

rotor molinq) ~Lth tk rotor spinninq at ● surface spaad of approximtoly 2B0 W’S, ●lthouqk

this opcratinq regAma ●nd the speed ar~ known to have been studied separa:el.y.

Ecommic reasons rsquire that for ●lmrt dischargo times many LTPHR compression coils -

swst ba mnnacted in parallxl to a multisection homopolar machine, which may result in ●ever-

al wqmpcrcs of dischar”;ecurrent. Double compensation will then be raquir~ to llnit the

radi~l cinctro.!yn-+iicload botwoen thu return conductors and the dtum. More than half tha

CU=SC;;C will r~turn through the inner return conductor ●nd the belance will return through

thn a24itional coaxial ~ath in the apace b~twcen coil and drum as shown in Fig. 3.

VI. COST FQUATIC?XS

T%? f~llowinq cost formula .)~’pcar~tm be xc~listic for the production of ● hundred ho~-

paldr a:~:l)ines:

s
[

- 1.2 11:4
co: Fc ‘Fe

+ ntlC SC + nABSB + n}lcoil Scoil + nVHe SHe + nlm(IN) S~C

eq. (4)

+ (nP )007 Sref + nh2 sdcwarrcf J #

n

s
Fe

$C

Sn

iron wciqht

weight of drums and return conductors

brush-to-collector contact area

weight.of stabllizcclfiupcrconcluc:or[i.e., 0.4 x coil volume

volume of liqu,id helium inventory (i.e. , 0.6 x coil volume)

cxcitauion ampere-turns

mean turn length

scaling factor

number of machine sections in seuics

1.59 s/’kq (~tator iron]

9.0 $/kq (return conduct~~r and drum)

4.[10 $;’cm2 (brush Systum)
.- - - ,. . . . . .

x e.9 g/cm3)
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the brush actuatix,g-hanlsm aml fri=tion lose.
:
I

Gae bsarings of tho pro~scd typa require develowenk ~causc no ex~rience exists pres-

●ntly with hydrd}mamlc gae bearin9s opexatin9 in the turklent flow r~ime (for efficient

rotor cod ~) with t~ rotor

this operating rsq- ●nd the

Econfmi: reasons require

mat be mnnacted in parallel

repinningat a surface awed of approximately 280 W8, although

spemd aro known to have been stwlied separately.

that for short discharge times many LTPHR CcWres=ion coils

to a ❑ultisection homopolar =hine, fiich MY result in swer-

●l mecampmras of discharqa current. Double mensation will then b requir~ to limit tha

radial alectr Aynamic load between the return conductor~ and the drum. Mre than half the

current will return through tho inner return conductor and the ~lance will r-turn through

the additional coaxial path in the space between coil and drum a% shown in

VI. COST EQUATIONS

The following cost formula appears to be realiatic fOr the production

polar na:hincs:

Fig. 3.

of a hutired homo-

‘m. “~.2“%e ‘F. + “% ‘c + ‘%$B+ ‘CO~l ‘coil + ‘vHe‘He+ “M(’N)‘SC
Cq. (4)

+

where H
Fa

“c
A
5

N
coil
v
He
(IN)

Im

A

n

sFe
s=

SB

$coil
sHo
$=

s w~f

(nP )0“7 Sref + n12 Sdtiar
re f J

iron weight

weiqht of drms and return

brush-to-collector contact

conductors

area

weight of stabilized superconductor (i.e., 0.4 x coil volume

volume of liquid helium inventory (i.e., 0.6 x coil voluma)

excitation ampe=e-turns

sacanturn length

scaling factor

number of ~chine sections in series

1.59 s/kq (stator iron)

9.0 S/kg (return conductor and drum)

4.80 $\cm2 (brush system)

17.5 S/kcj (coil construction)

2.0 s/1 (liquid helium inventory)

0.00165 $ A-lm-l (0.5 mills/A-ft)
-0.7

(Rupcrconductor)

F1400$14 (refrigeratorcost)

x 8.9 g/m3)

z t
A

\
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The factor 1.2 in Eq. (4) acco~nts for the asscnbly cost, which s*M be 1.25 in thosa

cases where double compensation is required.

The refrigeration power is given ●lsewhere.
[4] ~L_ ---- ---- ● *- AL—- —1–-——J— -.-

4, multiplied by a factor 1.2 for escalation.

V:I. OPTINTZATIOH

Figure 4 in a plot of circuit efficiency n vs

%
= 3 ms~ where the parameter n = 32 and 36. The

imcrcase with increasing radiue.

The curves in Fig. 4 move up and to the left,

efficiency with increasing number of rotors (for a

cost rate c in c/J for N -

plot showe that efficiency

indicating decrsaming cost

32, 36, and 40.

●ti cost rat.

.
mid inGti6titiing

given number of parallel coits) to an op-

timum beyond which the trend reverses. Henne, with ●ach N, there is ●ssociated en optimum n,

and for this set of L~il, Rmil, and Icoil values, the optimum nopt
~ N.

The figure show- that a substantial number of coils must be ~allmled for short dia-

chergu times, which may result in large curents requiring double mmpenmaticm.

With each T value a set (N ml is aseociatul where M -n = n
% opt exists. TMs optimum

characteristic fits

The parameters

with 25 weber-turns

within an error altcll c 0.S% the relationship

n=HO[l - exp (-c/Ko)l q. (s)

Ho ●nd KO in Eq. (5) have been plotted in Piq. 5 for compression coils

each. The variable c is constrained to

1.9 for 7,. = 1.5ms 6 for T, = 5.Oms
1.5 to 3.5 ~ c/KO C -1.9 to 15 3 for T’

*
- 2.0 ms 9 for Tq

4
- 10.0 ms

5 for T
b

= 3.0 ms 13 for t
&

- 30.0 ms

2where the upper lhnit is set by the flux modal. In other words, if c/KO increases beyond

to 15, then the flux density, which is ecal~ in accord~ncq with the fi?mt pert of Eq. (2),

will exceed our arbitrary but ~:actical limit of 0 7, as a result of A s 1.2. The lower

limit in the C/Ko constraint corresponds to the ❑inimum rotor radius for which structural

stability in the drum-composite structure exists, with a 1.5 factor of safety. Optimization

could be carried to A > 1.2 if B is kept constant at 8 T) kk.~r~ this was mt done.

The loss and cost elemente of one point design, i.e., one with i - o.9# c =cycle
4.84 \/J) are listed in Table I.

UeIMul cuggosti.onson tha compression coil’s design and structural amlyeis were con-
trilwted by R. Bartholomew. We had many worthwhile diecuseions with R. KrakowSki, coordi-
nator of the LTPHR study aroup~ and with K. l%omaseen~ G. Boicourt~ M. Kristiansen, F. Ribs,
and H. H. Woalson. Ribs and Woodson were probably flint to suggest that the compression coil
enerqization might be possible with homopolar machines. Flanycontrihtions on gas bearings
are frdm Ii. G. Rylander.

. .

.i
, .:,-:-
!:
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FIGURE CAPTIONS

Figure 1 Compression coil cixcuit

Figure 2 Alternative topol~ical configurations for fast+iecharqinq ~lar
machines

FigJre 3 Definition of dimensions for the drum-type machine with double com-
~neetion (i.e., inner ati outer current r-turn).

Figure 5 Optimization characteristics
= number of machine sections in series

;O = efficiency limit
KO = logarithmic cwm dec%ament vs discherge time T

Js
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r4 m 102.5 cm, and A = 0.099

lashes in Percent of 1/2 CV~ for 0.4-0 Pulse

Period

Drum joulo 109s
Return conductor joule 10ss
Brush joula loss (vgltagedrop)
Brush friction loss
6eari:u 10ss u windage 10ss
Refrigeration 10-9
Power supply losm (charging loss)
Compression coil 10ss
Total 10ss incl. compression coil

Costs in Percunt of Total Machine Cost

Izmn {~a ‘Fe/stOt )-

Supcrrond. coil [n(mcoil S=il + VHe $He + fmINS=) lS~tl =

Refrigeration [(nPref)0”7 $ref + nA2Sdwa=llStet =

Return conductor, drum(n!fc$c[Stot) -

Current collection (nABSBl$tot) -

Assembly (1 - 1/1.2) =
Total machine cost $tot = 12.4 M$

s.au
0.2
0.6
1.3
0.4
%02
0.2
1.7

10.2N

12. 3t

44.4

3.4

6.2

17.4

16.4
loot

aA88uming that the brushes make contact for 9 ms at an average
pressure of 0.7 bar auper~sed with an electti~ic load
peaking at 8 bar. .
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KEYwoRDs

Large fusion devices~ new technologies

Endurance, 1.7 x 109 pulses over 25-yr plant life

Drum machine, gas bearings, NbTi coils

Ecluivalentcapacitance, ins-energydelivery, low lees, low cost

Double compensation

Optimization of linear proportions, stator, coil, rotor .

Scaling laws

Cost equations

Fitting c~uation for 3-parameter space~ cost vs. efficiency vs.
energy delivery time


